We have previously found a transepithelial electrical resistance (TEER)-decreasing protein derived from Flammulina velutipes, which was revealed to be identical to flammutoxin (FTX) that is known as a hemolytic pore-forming protein. This protein induced a rapid decrease in TEER and parallel increase in paracellular permeability in the intestinal epithelial Caco-2 cell monolayer without any cytotoxicity. An immunoblotting analysis revealed that the FTX-induced decrease in TEER was accompanied by the formation of a highmolecular-weight complex on the surface of Caco-2 cells. Intracellular Ca 2þ imaging showed that exposure to FTX caused a rapid Ca 2þ influx. It was observed by electron microscopy that FTX induced swelling of microvilli and expansion of the cellular surface. Staining with fluorescent phalloidin showed a marked change to filamentous actin in the FTX-treated cells.
We have previously found a transepithelial electrical resistance (TEER)-decreasing protein derived from Flammulina velutipes, which was revealed to be identical to flammutoxin (FTX) that is known as a hemolytic pore-forming protein. This protein induced a rapid decrease in TEER and parallel increase in paracellular permeability in the intestinal epithelial Caco-2 cell monolayer without any cytotoxicity. An immunoblotting analysis revealed that the FTX-induced decrease in TEER was accompanied by the formation of a highmolecular-weight complex on the surface of Caco-2 cells. Intracellular Ca 2þ imaging showed that exposure to FTX caused a rapid Ca 2þ influx. It was observed by electron microscopy that FTX induced swelling of microvilli and expansion of the cellular surface. Staining with fluorescent phalloidin showed a marked change to filamentous actin in the FTX-treated cells.
These results suggest that TEER reduction could sensitively detect small membrane pore formation by FTX in the intestinal epithelium which causes a morphological alteration and disruption of the paracellular barrier function.
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The polarized intestinal epithelial cell monolayer separates two extremely different extracellular compartments. One is the apical side, where orally ingested substances are present and digestion or modification of food components and absorption of nutrients are carried out, and the other is the basolateral side that is in contact with the blood plasma and immune system. [1] [2] [3] The intestinal epithelial cell monolayer provides an impermeable barrier, and at the same time, performs vectorial transport between the two environments. The tight junction (TJ), the most apical component of cell-to-cell adhesion in the polarized epithelium, not only acts as a barrier restricting high-molecular-weight solutes, but also regulates the flux of low-molecular-weight hydrophilic solutes and water through the paracellular pathway. 1) Although this barrier function of TJ is physiologically important, food-derived substances that are orally ingested and present in the intestinal lumen are likely to change the tight-junctional permeability. 4, 5) In the previous study, 6) we found that the intestinal barrier function was reduced by a protein derived from the edible mushroom, Flammulina velutipes, by using a human intestinal Caco-2 cell monolayer cultured on a permeable filter which is known to provide a useful in vitro model of the intestinal epithelium. [7] [8] [9] This protein induced a rapid decrease in the transepithelial electrical resistance (TEER) of the monolayer that is usually used as an indicator of the paracellular permeability. This TEER decrease was accompanied by an increase in the flux of such fluorescent markers as lucifer yellow and FITC-labeled polyethyleneglycol through the paracellular pathway. 6) Purification and cloning of the cDNA coding for this TEER-decreasing protein (TDP) were carried out, and the nucleotide sequence has been submitted to the GenBank data bank under accession number AB012289.
6) The TDP cDNA contained an
The nucleotide sequence of the TEER-decreasing protein (TDP) has been submitted to the GenBank data bank under accession number AB012289.
y To whom correspondence should be addressed. open reading frame (ORF) encoding a polypeptide of 272 amino acid residues, including the N-terminal sequence of the purified protein, this being preceded by the initiator, methionine, and terminating with a stop codon. It was revealed that the molecular weight and Nterminal amino acid sequence of this TDP were similar to those of flammutoxin (FTX), a hemolytic poreforming protein derived from F. velutipes. 10, 11) In addition, it was found that the complete sequence data for FTX, which has been submitted to the GenBank data bank under accession number AB015948, were identical to those of TDP.
FTX induces ''colloid-osmotic cell lysis'' of human erythrocytes. 11) This process requires the formation of small membrane pores, allowing the influx of water and calcium into the cell and the release of potassium from the cell, resulting in the cell swelling and subsequent lysis.
12) Tomita et al., by using biochemical and electron microscopic analyses, have reported that erythrocytebound FTX formed a ring-shaped hexameric oligomer, which corresponded to a protein band of 180 kDa by SDS-PAGE, in the membrane of toxin-sensitive erythrocytes. 11) On the other hand, FTX did not show any cytotoxic effect on the human intestinal Caco-2 cell monolayer. 6) However, FTX-induced disruption of the barrier function of the intestinal epithelium, which enhances the passive absorption of various solutes, may be harmful to the body.
The aim of this present study is to investigate whether FTX could form a membrane pore-forming complex in the Caco-2 cell monolayer without any membrane perturbation and whether the TEER-decreasing activity of FTX was associated not only with disturbance to the function of the paracellular junction but also with the membrane pore-forming process.
Materials and Methods
Materials. The human colon adenocarcinoma cell line, Caco-2, was obtained from the American Type Culture Collection (MD, U.S.A.). Dulbecco's modified Eagle's medium (DMEM) was purchased from Nissui Pharmaceuticals (Tokyo, Japan). Fetal calf serum (FCS), glutamine, non-essential amino acids (NEAA), penicillin-streptomycin (10,000 U/ml and 10 mg/ml in 0.9% sodium chloride, respectively), phosphate-buffered saline (PBS), and Hank's balanced salt solution (HBSS) were all purchased from Gibco (MD, U.S.A.). Collagen type I was purchased from Nitta Gelatin (Osaka, Japan). Plastic dishes and plates were from Corning (NY, U.S.A.), and Transwell inserts with a 0.4-m cellulose membrane 12 mm in diameter were from Costar (NY, U.S.A.). A Millicell-ERS instrument with Ag/AgCl electrodes was purchased from Millipore (Molsheim, France). Lucifer yellow CH (LY) dilithium salt, the antiphosphoserine and -phosphothreonine antibodies, alkaline phosphatase from bovine intestinal mucosa and fluorescein isothiocyanate (FITC)-labeled phalloidin were all from Sigma (MO, U.S.A.). The anti-phosphotyrosine antibody (4G10) was from Upstate Biochemical (NY, U.S.A.). Fura-2 AM was purchased from Wako (Osaka, Japan) and staurosporin and W7 HCl were from Calbiochem (Darmstadt, Germany).
Cell culture. The Caco-2 cells were cultured in DMEM supplemented with 10% FCS, 1% NEAA, 4 mM L-glutamine, 20 U/ml of penicillin and 20 g/ml of streptomycin, together with an appropriate amount of sodium bicarbonate to adjust the pH value to 7.4. The cells were incubated at 37 C in a humidified atmosphere of 5% CO 2 in air. The monolayer became confluent 3 to 4 days after seeding with 7 Â 10 5 cells per 100-mm dish, and the cells were passaged at a split ratio of 4 to 8 by trypsinization with 0.1% trypsin and 0.02% EDTA in PBS. All the cells used in this study were between passages 40 and 80.
Purification of FTX from F. velutipes. FTX was purified from F. velutipes by using the purification steps previously described.
6) The concentration of purified FTX used in this study was 3.5 g/ml, at which incubation for 30 min decreased the TEER value by 40-60% of the initial value, and this enabled us to pursue the time-course characteristics of FTX on the Caco-2 cell monolayer.
Measurement of TEER and the epithelial permeability. To measure the TEER value, Caco-2 cells were grown in 12-mm-diameter Transwell inserts with the membranes coated with type-I collagen.
13) The cells were seeded at a density of 2 Â 10 5 cells/cm 2 , with the medium being changed every 1 or 2 days. The integrity of the cell monolayer was evaluated by measuring TEER with Millicell-ERS equipment. The monolayer cells were gently rinsed three times with HBSS and then equilibrated in the same solution for 30 min at 37 C (inside, 0.5 ml; outside, 1.5 ml). The monolayers showing a TEER value in the range of 180-250 ohmÁcm 2 were used for the experiments. To measure of the epithelial permeability, 0.5 ml of a fluorescent probe solution containing LY (320 g/ml in HBSS) was then added to the apical side and 1.5 ml of HBSS to the basal side. After equilibrating for 15 min, 50 l of the apical solution was replaced by the same volume of a sample solution. The insert was then transferred to a new well containing 1.5 ml of fresh HBSS that had been preincubated at 37 C. After incubating with the sample, the basal solution was collected from each well. The concentration of the permeated fluorescent probe was determined by measuring the fluorescence intensity of the basal solution with an FP-777 spectrofluorometer (Jasco, Tokyo, Japan). The excitation and emission wavelengths for LY were 430 nm and 535 nm, respectively.
Imaging of intracellular free Ca
2þ . Caco-2 cell monolayers grown on type-I collagen-coated cover slips were preloaded with 5 M of fura-2 AM in the culture medium for 5 min at room temperature, before being incubated for 30 min at 37 C. The monolayer cells were gently rinsed three times with HBSS and then equilibrated in the same solution at 37 C. Fluorescence was measured with a CAM-230 (Japan Spectroscopic Co., Tokyo, Japan) -ARGUS-50/CA (Hamamatsu Photonics Co., Shizuoka, Japan) system. The fluorescence intensity of fura-2 bound to intracellular Ca 2þ was measured at 510 nm after alternating the exposure to excitation at 340 and at 380 nm. The change in intracellular Ca 2þ concentration after adding FTX to the cell monolayer was investigated by monitoring the ratio of the 340/ 380 nm images at 10-s intervals.
Cell extraction. Extracts of the control cells and the cells treated with FTX were next prepared. Cells were dissolved in an ice-cold TX buffer (0.5% Triton X-100 in 20 mM HEPES at pH 7.4 containing 150 mM NaCl, 25 mM NaF, 2 mM Na 3 VO 4 , 2 mM EDTA, 2 mM PMSF, 30 g/ml of leupeptin and 30 g/ml of aprotinin) on ice for 20 min. The TX-soluble and -insoluble fractions were separated by centrifugation at 20;300 Â g for 20 min at 4 C.
Immunoblotting and immunoprecipitation. The TXinsoluble fractions were rinsed twice with the TX buffer and then dissolved in a 2 Â SDS{PAGE loading buffer (3% SDS in 30 mM Tris/HCl at pH 6.8 containing 60% glycerol, 3% 2-mercaptoethanol and 0.01% bromophenol blue). After boiling for 5 min, these samples were subjected to SDS-PAGE with separating gel of 7.5% or 12.5% acrylamide. The protein bands in the gel were electroblotted on to a PVDF membrane (Millipore). The membrane was blocked with 5% skim milk in 0.5% Tween 20 in PBS (PBST), and then immunostained with the specific antiserum raised against FTX.
11) Immunoblotting was detected by using horseradish peroxidaseconjugated anti-rabbit IgG and ECL detection reagents (Amersham Pharmacia Biotech, Buckinghamshire, U.K.).
Hemolytic assay and immunoblotting. The hemolysis of human erythrocytes by FTX was performed as described previously. 11) After centrifuging the blood from healthy donors for 5 min at 1;000 Â g, the precipitated debris was washed with ice-cold PBS and then extracted with the TX buffer. The TX-soluble and -insoluble fractions were separated and subjected to SDS-PAGE for an immunoblotting analysis as already described.
Electron microscopy. For transmission electron microscopy (TEM), the Caco-2 cell monolayers grown in 12-mm-diameter Transwell inserts were fixed for 2 hr in 2.5% glutaraldehyde in a 0.1 M phosphate buffer at pH 7.4. These cell monolayers were then post-fixed with 1% OsO 4 dissolved in distilled water at 4 C for 2 hr. After dehydrating through a graded series of ethanol, the cells were embedded in Quetol-812 (Nisshin EM, Tokyo, Japan) according to the conventional method. Ultra-thin sections were stained with both uranyl acetate and lead citrate, and observed with a JEM-100SX transmission electron microscope (JEOL, Tokyo, Japan).
For scanning electron microscopy (SEM), the Caco-2 cell monolayers grown in Transwell inserts were fixed with both glutaraldehyde and OsO 4 as already mentioned, and then dehydrated through a graded series of ethanol. The tissues were dipped in isoamyl acetate and critical point-dried with liquid CO 2 . The dried specimens were evaporatively coated with platinum-palladium by an E-1030 Ioncoater (Hitachi, Tokyo, Japan) and examined under an S-4100 scanning electron microscope (Hitachi).
Observation of perijunctional filamentous actin (Factin). The Caco-2 cell monolayers grown on the type-I collagen-coated cover slips were rinsed with HBSS and then equilibrated in the same solution for 30 min at 37 C. The monolayers were incubated with or without FTX. The cell monolayers were then fixed for 15 min with 4% paraformaldehyde in PBS and permeated with 10% Triton X-100 for 5 min. The filamentous actin (Factin) was stained for 50 min by incubating the cover slips with 800 nM of FITC-labeled phalloidin in PBS. After washing with PBS, the stained cells were observed for their F-actin structure with a BX50-FLA fluorescence microscope (Olympus, Tokyo, Japan).
Statistics. Each data value is presented as the mean AE S.D. Statistical significance was determined by using paired and unpaired t-tests and by ANOVA.
Results
Effect of FTX on the Caco-2 cell monolayers TEER of the Caco-2 cell monolayer was rapidly and significantly decreased by treating the monolayer with FTX of 3.5 g/ml (Fig. 1A) . This FTX-induced TEER decrease was accompanied by an increase in the flux of LY, 7) a water-soluble fluorescent substance of 457 Da that does not permeate the membrane, through the cell monolayer (Fig. 1B) . We therefore carried out a transmission electron microscopic examination in order to investigate whether or not FTX induced opening of the paracellular route. However, this examination revealed no marked paracellular dilation at the TJ one minute after adding FTX to the Caco-2 cell monolayer (Fig. 2B,  arrowhead) . The microvilli, which had been slender in the control cells ( Fig. 2A) , had expanded like balloons (Fig. 2B, asterisk) . After 5 min, as shown in Fig. 2C , almost all of the microvilli had become thick and misshapen, and vertical bundles of F-actin which filled the inside of the microvilli of the control cells had disappeared (Fig. 2C, asterisk) . Furthermore, newly synthesized horizontal bundles of F-actin had appeared below the apical membrane (Fig. 2C, arrowheads) . However, no significant opening of the intercellular space at the TJ was apparent (Fig. 2C) . These observations suggest that FTX induced swelling of the microvilli and a dynamic change in F-actin near the brushborder membrane.
Observations on the apical side of Caco-2 cell monolayer by scanning electron microscopy (SEM) showed that a part of the microvilli became swollen (arrowheads in Fig. 3C ) after exposing the cells to purified FTX at 3.5 g/ml for 1 min. After exposing to FTX for 5 min, almost all of the microvilli had become thick and ill-arranged (Fig. 3E ) and the cells had significantly swollen (arrowheads in Fig. 3F ), compared with the control (Figs. 3A and 3B ).
Formation by FTX of high-molecular-weight complex in the cellular membrane of Caco-2
We investigated whether the FTX molecules formed small pores on the surface membrane of the intestinal epithelial Caco-2 cells which would eventually induce cell swelling and subsequent lysis. The monolayer cells were extracted with the TX buffer, and the presence of a high-molecular-weight complex of FTX in the TXsoluble and -insoluble fractions was investigated by an immunoblotting analysis with an anti-FTX antiserum. A À200 kDa band was detectable in the TX-insoluble fraction, even after boiling with SDS and 2-mercaptoethanol and electrophoresis with separating gel of 7.5% acrylamide (Fig. 4A) , suggesting that this structure was C. Caco-2 cell monolayers grown in a Transwell insert were equilibrated in HBSS. After the initial TEER value (0 min) had been measured, an aliquot of the apical solution was replaced with the same volume of a purified FTX solution, the final concentration of FTX being 3.5 g/ml. TEER values are expressed relative to the value at 0 min. Each value is the mean AE SD of three experiments.
Ã Significantly different from the TEER value at 0 min (P < 0:01). (B) Enhancement of the paracellular permeability of LY by FTX. LY was added to the apical solution during the measurement of TEER. After incubating Caco-2 cell monolayers with or without 3.5 g/ml of FTX for 10 min at 37 C, the concentration of permeated LY was determined by measuring the fluorescence intensity of the basal solution with a spectrofluorometer. Each value is the mean AE SD of three experiments.
Ã Significantly different from the control value (P < 0:01).
independent of disulfide bonding. As shown in Figs. 1A and 4C, TEER began to decrease within 1 min, this decrease being accompanied by time-dependent formation of the À200 kDa complex of FTX in the TXinsoluble fraction. This suggests that the formation of the high-molecular-weight FTX complex in the Caco-2 cell membrane was involved in the TEER decrease. When the TX-insoluble fraction was subjected to SDS-PAGE with separating gel of 12.5% acrylamide, a band corresponding to the FTX monomer of À31 kDa was also observed (Fig. 4B ). Since the complex was not detected in the FTX solution without incubating with cells (data not shown), it is clear that the FTX monomer directly bound to the Caco-2 cell membrane and then formed the high-molecular-weight complex. The membrane fractions of FTX-treated human erythrocytes and those of FTX-treated Caco-2 cells showed the same band of À200 kDa on 7.5% polyacrylamide gel (data not shown). The present results demonstrate that the FTX molecules also assembled into a large complex in the plasma membrane of the intestinal epithelial cells as they do in the erythrocyte membrane.
FTX-induced Ca 2þ influx into Caco-2 cells We speculated that the high-molecular-weight FTX complex might form small pores in the Caco-2 plasma membrane, allowing an increased influx of such ions as Ca 2þ . To investigate whether the high-molecular-weight complex of FTX was related to the formation of membrane pores and whether it perturbed the flux of ions across the plasma membrane of intestinal epithelial cells like this protein did on the erythrocyte membrane, 11) we monitored the FTX-induced change in intracellular Ca 2þ concentration by using Caco-2 cell monolayers loaded with fura-2-AM. The fura-2 ratio of 340/380 nm was elevated about 1 min after adding FTX to the cell monolayer, indicating that the rapid increase in intracellular Ca 2þ concentration was caused by FTX (Fig. 5A) . Since the addition of EGTA, an extracellular chelator of divalent cations with high selectivity for Ca 2þ , 14) to extracellular HBSS completely inhibited this change (Fig. 5B) , it is obvious that FTX induced the Ca 2þ influx from the extracellular part into the Caco-2 cells. Considering that the band corresponding to the high-molecular-weight FTX complex (Fig. 4C ) appeared slightly earlier than the elevation of the fura-2 ratio (Fig. 5A) , the increased Ca 2þ influx is likely to have been due to membrane-pore formation by the FTX complex.
FTX-induced rearrangement of perijunctional F-actin
In spite of the FTX-induced decrease in TEER (Fig. 1A) , we could not find any obvious TJ disruption by the electron microscopic observation. However, the density of F-actin in the vicinity of TJ seemed to have been reduced by exposure to FTX (Fig. 2B, arrowhead) . It is known that perijunctional F-actin plays an important role in maintaining the structure and function of TJ and AJ. 15) Thus, to verify the condition of the perijunctional F-actin, we performed a fluorescent microscopic observation of Caco-2 cell monolayers that had been stained with FITC-labeled phalloidin. Incubating with FTX for 10 min resulted in the TEER value being decreased (Fig. 6A) and the fluorescence intensity of the perijunctional actin rings in the cell monolayer becoming significantly more diffused from the cellular periphery to the cytosol (Fig. 6C ), in comparison with the state of the control (Fig. 6B) .
In order to investigate the reversibility of the changes in both TEER and perijunctional F-actin, FTX was removed after a 10-min treatment, and the monolayers were then further incubated in fresh HBSS for up to 120 min. This resulted in the decrease in TEER being slowly reversed (Fig. 6A) . The diffused actin rings (Fig. 6C) became concentrated again at the periphery of the cells after removing FTX (Fig. 6D) , like those of the normal cell monolayer (Fig. 6B) . Furthermore, we found After Caco-2 cell monolayers grown in a Transwell insert had been treated with FTX, they were examined by SEM. A control cell monolayer is shown in panels A and B. The cell monolayer exposed to purified FTX at 3.5 g/ml is shown in panels C and D (exposure for 1 min) and in panels E and F (exposure for 5 min).
that the high-molecular-weight FTX complex gradually disappeared (Fig. 6E) . These results suggested that FTX-induced changes in the actin cytoskeletal network, as well as the membrane-pore formation, were involved in the TEER reduction.
Discussion
FTX, a hemolytic pore-forming protein derived from F. velutipes, decreased TEER in the human intestinal epithelial Caco-2 cell monolayer, accompanied by disruption of the barrier function of the cell monolayer. However, neither a release of LDH from the FTXtreated cell monolayer nor respiratory damage could be detected. 6) Since it had been reported that a decrease in TEER would sensitively reflect the cytotoxic effect of various types of toxicant, [16] [17] [18] [19] we investigated in the present study whether or not the TEER-decreasing activity of FTX was associated with membrane poreformation in the Caco-2 cells.
We found that FTX bound to the Caco-2 cell membrane and formed a TX-insoluble, high-molecular-weight complex which corresponded to a protein band of À200 kDa. In addition, fura-2 measurements showed that FTX induced an increase in intracellular free Ca 2þ in monolayered Caco-2 cells. This increase was preceded by the formation of an FTX complex and was completely inhibited by incubating with EGTA in bathing HBSS. These results indicate that FTX constructed membrane pores through which the Ca 2þ influx from the extracellular part was induced. Electron micro- (A) Detection of a À200-kDa band (shaded arrowhead) by an immunoblotting analysis. After the TEER measurement described in the legend to Fig. 1A , the cells were extracted with an ice-cold TX buffer and separated into the TX-soluble (left) and -insoluble (right) fractions. These samples were subjected to SDS-PAGE with separating gel of 7.5% acrylamide, and then immunostained with the specific antiserum raised against FTX. (B) The FTX monomer (unshaded arrowhead) incorporated into the cell membrane was detected by an immunoblotting analysis with the anti-FTX antiserum, when the TX-insoluble fractions derived from the control and FTX-treated cells had been subjected to SDS-PAGE with separating gel of 12.5% acrylamide. (C) Appearance of a À200-kDa band (arrowhead) in the TX-insoluble cellular fraction during a shortterm incubation with purified FTX.
Fig. 5. FTX-Induced Ca
2þ Influx into Caco-2 Cells. Fura-2 AM-loaded Caco-2 cell monolayers were exposed to purified FTX at 3.5 g/ml. The fluorescence intensity of fura-2 bound to intracellular Ca 2þ was measured at 510 nm after alternated exposure to excitation at 340 and 380 nm, monitoring the image ratio of 340/380 nm at 10-s intervals. The exposure was performed in normal HBSS (A, data plots from 6 selected points) and in the presence of EGTA (B, data plots from 4 points).
scopic observations showed swelling of microvilli in the FTX-treated Caco-2 cells, but no destruction of the plasma membrane and nor any cell detachment from the monolayer. This morphological change in the microvilli suggests that FTX bound to and formed small pores on the surface of the brush-border membrane, thereby increasing the influx of ions and water. Since TEER is a function of the inverse sum of paracellular resistance and transcellular resistance, and the resistance of the membrane is generally high, TEER is usually used as a hallmark of the sealing properties of TJ. 20) Consequently, it is suggested that the FTX-induced rapid TEER reduction reflects the disturbance of ion permeability across the plasma membrane.
We also found in the present study that the TEER decrease of FTX-treated Caco-2 cell monolayers recovered after removing FTX. The reversibility of TEER was accompanied by reconstruction of the perijunctional F- (A) Reversibility of the changed TEER value in Caco-2 cell monolayers after the treatment with purified FTX at 3.5 g/ml for 10 min. After removing FTX, the extracellular buffer was exchanged for a fresh buffer. Each value is the mean AE SD of four experiments.
Ã Significantly different from the relative TEER value at 10 min (P < 0:01). (B, C and D) Fluorescence photomicrographs of F-actin in the stained Caco-2 cell monolayer taken en face at the level of the perijunctional actin ring. The control (B), and cell monolayers after the treatment with FTX at 3.5 g/ ml for 10 min (C) and 2 hours after removing FTX (D) were fixed and stained with FITC-labeled phalloidin. Bar ¼ 20 m. (E) Disappearance of the À200-kDa band (arrowhead) in the TX-insoluble cellular fraction after removing FTX. actin and disappearance of the pore-forming FTX complex (Fig. 6) , indicating that the intestinal epithelial cells were resistant to colloid-osmotic cell lysis caused by a certain pore-forming protein. This may have been due to the presence of microvilli which are characteristic of intestinal epithelial cells and are thought to make it possible for the cells to adjust themselves to the increase in cell volume by expanding the plasma membrane surface area. 21) The change in the intracellular Ca 2þ concentration resulting from membrane-pore formation may have altered the actin-severing and/or -bundling activity of such actin-binding proteins as villin which are rich in intestinal epithelial microvilli. 22, 23) It is thus possible that Ca 2þ -mediated regulation of villin endowed the Caco-2 cell monolayers with resistance to FTX. On the other hand, we are currently investigating the mechanism by which the FTX complex in the TXinsoluble cellular fraction disappeared.
Pore-forming proteins have been proposed as the factors involved in such gastrointestinal disorders as diarrhea and fluid accumulation; for example, thermostable direct hemolysin (TDH) secreted by Vibrio parahaemolyticus caused both colloidal osmotic lysis of erythrocytes 24) and a rapid transient increase of intracellular Ca 2þ in rat crypt small intestinal cell (IEC-6) monolayers. 25) Ca 2þ -dependent proteins such as actin-binding proteins, 23) calmodulin, calmodulin-dependent myosin light-chain kinase (MLCK) [26] [27] [28] and protein kinase C (PKC) [29] [30] [31] are known to influence the severing or contraction of actin filaments. Since actin filaments are indirectly linked to the transmembranous components of TJ and AJ by various scaffolding proteins and probably support the TJ structure, 15, [32] [33] [34] it is possible that membrane pores allowing the influx of calcium induce dilation of the paracellular route. For example, the decreased TEER and enhanced paracellular permeability of T84 and Caco-2 have been observed when the calcium ion influx was induced by an ionophore treatment. 35, 36) In our preliminary experiment, pretreatment with staurosporin or W7, respective inhibitors of PKC and calmodulin-MLCK, did not suppress the FTX-induced TEER reduction (data not shown). However, the present study has shown that FTX induced dynamic change in perijunctional F-actin (Fig. 6) . Therefore, although no marked separation of TJ was detected by TEM, it can be assumed that the FTXinduced TEER reduction and enhancement of tracer flux reflected disruption of the tight-junctional barrier function, which might be one of the responses subsequent to membrane-pore formation by FTX. We should investigate the effect of inhibiting Ca 2þ -dependent actin regulation on the FTX-induced rearrangement of Factin and the paracellular permeability in the intestinal epithelium.
In conclusion, it can be said that the FTX-induced rapid TEER reduction reflected the effect of a membrane pore-forming protein on the intestinal epithelium. Irregular ion flux through the membrane pores, probably resulting in an abnormal shape of the microvilli and disruption of the paracellular barrier function, would be harmful to health. Although no clinical reports about the intestinal dysfunction caused by excessive ingestion of F. velutipes have been found, this might be due to the fact that FTX is heat-labile 6) and that F. velutipes is usually cooked. However, elucidation of the pathway along which a membrane pore-forming protein enhances paracellular permeability in the intestinal epithelium will provide useful information for understanding the mechanism and therapy for gastroenteritis caused by the pore-forming enterotoxins secreted by some bacteria.
